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The Daam family of proteins consists of Daam1 and
Daam2. Although Daam1 participates in noncanoni-
cal Wnt signaling during gastrulation, Daam2 func-
tion remains completely uncharacterized. Here we
describe the role of Daam2 in canonical Wnt signal
transduction during spinal cord development. Loss-
of-function studies revealed that Daam2 is required
for dorsal progenitor identities and canonical Wnt
signaling. These phenotypes are rescued by b-cate-
nin, demonstrating that Daam2 functions in dorsal
patterning through the canonical Wnt pathway.
Complementary gain-of-function studies demon-
strate that Daam2 amplifies Wnt signaling by poten-
tiating ligand activation. Biochemical examination
found that Daam2 association with Dvl3 is required
for Wnt activity and dorsal patterning. Moreover,
Daam2 stabilizes Dvl3/Axin2 binding, resulting in
enhanced intracellular assembly of Dvl3/Axin2 com-
plexes. These studies demonstrate that Daam2
modulates the formation of Wnt receptor complexes,
revealing new insight into the functional diversity of
Daam proteins and how canonical Wnt signaling
contributes to pattern formation in the developing
spinal cord.
INTRODUCTION
The generation of cellular diversity in the developing central
nervous system (CNS) relies on spatially distinct signaling
centers that release morphogenic signals. Cellular integration
of these extrinsic morphogenic cues results in the activation
of a transcriptional network that drives changes in gene expres-
sion and ultimately determines cell fate. The embryonic spinal
cord serves as an excellent paradigm for this model of neural
development because the molecular nature of the morphogens
and their associated transcriptional programs have been well
established.
In the dorsal spinal cord, members of the bone morphogenic
protein (BMP) and Wnt families are secreted from the dorsalDevelopmectoderm and the dorsal roof plate signaling centers, respec-
tively, and play critical roles in the generation of dorsal neuron
populations through the action of their respective transcriptional
effectors, SMADs and b-catenin/Tcf (Kim et al., 2000; Liu and
Niswander, 2005; Lupo et al., 2006). The signal transduction
pathways that integrate BMP andWnt signals consist of multiple
molecular components whose response must be coordinated
in order to elicit the appropriate signal interpretation. In partic-
ular, Wnt signal integration remains enigmatic due to the com-
plexity of the signal transduction mechanism, which includes
numerous, dynamic molecular components, mediating both
canonical and noncanonical pathways (Wodarz and Nusse,
1998). A key step in canonical Wnt signal transduction is the
phosphorylation of LRP mediated by GS3Kb, which requires
the formation of a complex between Dishevelled (Dvl) and Axin
proteins that bridges the Frizzled (Fzd) and LRP receptors (Bilic
et al., 2007; MacDonald et al., 2009; Zeng et al., 2008). Although
Dvl/Axin interaction is crucial for Wnt signaling, studies have
revealed that they have relatively low binding affinity; thus,
aggregation of Fzd/LRP/Dvl/Axin complexes into signalosome
structures is thought to facilitate amplification and maintenance
of Wnt signaling (Bilic et al., 2007; Schwarz-Romond et al.,
2007a, 2007b; Wong et al., 2003). Although this model provides
a framework for understanding the Dvl/Axin relationship in the
context of canonical Wnt signaling, there is evidence that other
proteins are associated with this complex and can potentiate
Dvl/Axin-mediated Wnt signaling as well (Chen et al., 2006;
Ding et al., 2008). Thus, a more complete understanding of the
dynamics and constituents of the Dvl/Axin complex is necessary
to fully understand the processes that control canonical Wnt
signaling.
Dvl and Axin have been shown to interact with many proteins,
which has implicated their function in a wide range of cellular
processes, though only a small subset is associated with their
role in canonical Wnt signaling (Wallingford and Habas, 2005).
Among these proteins, Daam1 has been shown to interact with
Dvl to control cell polarity and movement via noncanonical
Wnt signaling during Xenopus gastrulation (Habas et al., 2001).
The Daam family of proteins consists of Daam1 and Daam2
and shares conserved formin homology (FH) and GBD domains,
which are suggestive of a role in cell motility (Alberts, 2001; Kida
et al., 2004). Although the function of Daam1 has been exten-
sively studied during gastrulation, Daam2 function remains
undefined (Habas et al., 2001). In a previous study Daam1 andental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc. 183
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Figure 1. Daam2 Is Expressed in the VZ of the
Developing Spinal Cord
(A–D) In situ hybridization analysis of Daam2 in the chick
spinal cord from E2 to E5.
(E–P) Colocalization of Daam2 with dorsal and ventral VZ
markers.
(E–H) Daam2 is coexpressed with the dorsal marker Pax7.
(I–L) Daam2 is coexpressed with the dorsal-medial marker
Pax6.
(M–P) Daam2 is not coexpressed with the ventral maker
Nkx2.2 at E2 (M) but demonstrates coexpression at
subsequent stages of development (N–P).
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal CordDaam2 were found to have complementary and nonoverlapping
expression patterns in the developing spinal cord, with Daam1
demonstrating expression in the mantle regions and Daam2 in
ventricular zone (VZ) populations (Kida et al., 2004). Although
the expression of Daam genes has been associated with both
neuronal and progenitor populations in the embryonic spinal
cord, their roles during spinal cord development remain
uncharacterized.
In our effort to identify genes that contribute to CNS devel-
opment, we performed microarray analysis on embryonic
spinal cord and confirmed that Daam2 is expressed in VZ
populations throughout early embryogenesis. Subsequent
loss-of-function studies revealed that Daam2 is required for
dorsal progenitor identities and canonical Wnt signaling. These
phenotypes are rescued by b-catenin, which directly links
Daam2 function in dorsal patterning to the canonical Wnt
pathway. Gain-of-function studies demonstrated that Daam2
amplifies Wnt signaling via potentiation of ligand activation
in vivo. Next, we investigated the mechanistic basis for its
role in the Wnt pathway and found that Daam2 associates
with Dvl3 via the DIX domain through its GBD domain and
that this interaction is required for Wnt activity and functions
on a biochemical level to stabilize Dvl3/Axin2 binding. These
studies identify Daam2 as a critical modulator of canonical
Wnt signal integration during pattern formation in the devel-
oping spinal cord.184 Developmental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc.RESULTS
Daam2 Is Expressed in Progenitor
Populations of the Embryonic Spinal
Cord
Gene expression profiling of VZ populations
during early spinal cord development identified
Daam2 as specifically expressed in early pro-
genitor populations. To verify this, we per-
formed in situ hybridization on embryonic chick
spinal cord from E2 to E5 and confirmed that
Daam2 is expressed in VZ populations during
this developmental interval (Figures 1A–1D).
To validate its expression in progenitor popula-
tions, we performed immunolabeling with anti-
bodies to Daam2. This revealed that Daam2 is
expressed exclusively in dorsal populations at
E2 and throughout the dorsal/ventral extent of
the VZ at subsequent stages (Figures 1E–1P).To confirm the domain-specific expression of Daam2 at E2, we
next performed coimmunolabeling with progenitor markers
that demarcate the dorsal/ventral axis, Pax7, Pax6, and
Nkx2.2. This analysis revealed that Daam2 is coexpressed with
Pax7 and Pax6, but not the ventral-most marker, Nkx2.2, at E2
(Figures 1E, 1I, and 1M). Analysis at subsequent developmental
stages found that Daam2 is coexpressed with both dorsal and
ventral markers in the VZ (Figures 1F–1P).
Daam2 Is Necessary for the Expression of Dorsal
Progenitor Markers
The observation that Daam2 is expressed in VZ populations
during the early stages of embryonic spinal cord development
raised the question of whether it is playing a role in patterning
or maintenance of progenitor populations. To determine the
role of Daam2 during early spinal cord development, we per-
formed knockdown experiments utilizing an RCAS-shRNAi
system we have previously employed (Deneen et al., 2006).
The effective knockdown of endogenous Daam2 was verified
by in situ hybridization and immunostaining (Figure 2B, arrow;
see also Figure S1M available online). To determine the effect
of Daam2 knockdown on spinal cord development, we as-
sessed expression of progenitor markers along the dorsal-
ventral axis at E4. We found that knockdown of Daam2 results
in a significant reduction of dorsal progenitor makers, Pax3
and Pax7, and the dorsal-medial marker Pax6 (Figures 2C–2E
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Figure 2. RNAi Knockdown of Daam2 Causes Loss of Dorsal VZ Markers
(A–G) Expression of the RCAS-cDaam2 shRNAi construct results in the knockdown of endogenous Daam2 (B) and loss of dorsal markers Pax3, Pax7, and Pax6
(C–E, arrows), but not ventral markers Olig2 and Nkx2.2 (F and G).
(H–N) Mutant version of cDaam2-shRNAi does not affect endogenous Daam2 expression (I) or the expression of dorsal markers (J–L, arrows).
(O–U) Rescue of the cDaam2-shRNAi phenotypes by murine Daam2. Ectopic expression of mDaam2 (O) restores dorsal marker expression (Q–S, arrows).
Daam2i, Daam2-shRNAi.
(V–BB) Overexpression of pCIG/DN-Tcf3 results in loss of dorsal marker expression (X–Z, arrows).
(CC–EE) Corresponding quantification of the phenotypes demonstrated in the images. Quantification was performed by comparing the number of DAPI+
cells expressing a given marker between the control side (Con) and the electroporated side (Ep) of the neural tube. Values presented for each manipulation are
derived from at least six different embryos, ten sections per embryo. Note that images for each manipulation are derived from an adjacent series of sections.
Immunostaining of AMV in (A) and (H) reflects expression of the RCAS retrovirus used to deliver the cDaam2-shRNAi. Daam2 mut, Daam2 mutation. Error bars
indicate SEM.
Please also see Figures S1 and S2.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal Cordand 2CC–2EE), but not ventral markers Olig2 and Nkx2.2
(Figures 2F and 2G). This loss of dorsal progenitor markers re-
sulted in the concomitant decrease in the generation of dorsal
neuron populations, but not ventral neuron populations (Figures
S1D–S1F) (Jessell, 2000). Finally, reduction of dorsal markers in
the absence of Daam2 is not the result of cell death because
there is no increase in active caspase 3 staining or gross reduc-
tion in cell numbers in these regions (Figure S1B) (Villa et al.,
1997). Moreover, these populations maintained Sox2 expres-
sion, indicating retention of progenitor status (Figure S1C) (Gra-
ham et al., 2003). Analysis of Daam2 knockdown at E3 revealed
a similar loss of dorsal, but not ventral, markers; we did not
witness a loss of dorsal neuron populations at this stage, likely
due to the timing of Daam2-shRNAi introduction and analysis
(Figure S2).
To assess the specificity of the Daam2 knockdown pheno-
type, we generated a mutant version of the Daam2-shRNAiDevelopmcontaining five nucleotide substitutions, which had no effect on
expression of endogenous Daam2 or dorsal markers Pax3,
Pax7, or Pax6, indicating that the loss of dorsal markers is
specific to the wild-type Daam2-shRNAi (Figures 2H–2N).
Next, we sought to confirm that the effects of the Daam2-shRNAi
are the result of a loss of Daam2. To this end, we performed
a ‘‘rescue’’ experiment by coelectroporating the Daam2-shRNAi
with the mouse Daam2 coding sequence, which is sufficiently
divergent so as not to anneal with, and silenced by, the
cDaam2-shRNAi. A myc tag was included to report expression
of the exogenous mDaam2 protein (Figures 2O and 2P), and
we found that expression of mDaam2 is sufficient to fully restore
the expression of dorsal markers in the absence of endogenous
cDaam2 (Figures 2Q–2S and 2CC–2EE). Collectively, these
experiments indicate that knockdown of Daam2 is responsible
for the loss of Pax3, Pax7, and Pax6 caused by the cDaam2-
shRNAi.ental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc. 185
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Figure 3. Knockdown of Daam2 Causes
Loss of Canonical Wnt Activity
(A–C) TOP-nRFP reporter demonstrates activity in
the dorsal Pax7 domain (A) but not in the medial
Pax6 domain (B) or ventral Nkx2.2 domain (C) at
E4 in the chick spinal cord.
(D–J) Knockdown of Daam2 via RCAS-cDaam2
shRNAi (F) results in decreased TOP-nRFP
reporter activity (E, arrow) compared to themutant
Daam2-shRNAi (I, arrow, and J).
(G and K) Expression of Lmx, a key target of the
BMP pathway in the dorsal spinal cord, is not
affected by Daam2 knockdown or by the mutant
Daam2-shRNAi.
(L–N) TOP-nRFP activity is restored by ectopic
expression of mDaam2 (M, arrow). D2i, Daam2-
shRNAi.
(O and P) Overexpression of DN-Tcf3 results in
loss of TOP-nRFP activity (P, arrow).
(Q) Quantification of reporter activity. Fluorescent
intensity values for nRFP and the GFP standardi-
zation were acquired, and the normalized TOP-
nRFP value, relative to GFP, is presented. Quan-
tification for each manipulation is derived from at
least eight different embryos, ten sections per
embryo. Error bars indicate SEM.
(D, H, L, and O) GFP control images. Images are
from an adjacent series of sections.
Ep, electroporated side of neural tube; Con,
control side. Please also see Figure S3.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal CordDaam2 Expression Is Required for Canonical Wnt
Signaling
The BMP- and Wnt-signaling pathways control expression of
dorsal progenitor markers; thus, the phenotypes manifest in
the absence of Daam2 resembled what one might expect if
BMP or Wnt signaling is compromised (Alvarez-Medina et al.,
2008; Liem et al., 1995; Megason and McMahon, 2002). Given
that members of the Daam family have been shown to interact
with components of the Wnt-signaling pathway and participate
in noncanonical Wnt signaling during gastrulation, we reasoned
that Daam2 could be participating in the canonical Wnt-signaling
pathway during early spinal cord development. As a first step in
testing this hypothesis, we compared the Daam2-shRNAi
phenotype with the expression of a dominant-negative version186 Developmental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc.of Tcf3 (dnTcf3), which has been shown
tomimic a loss of canonicalWnt signaling
in the embryonic spinal cord (Alvarez-
Medina et al., 2008). These studies re-
vealed that overexpression of dnTcf3
resembles knockdown of Daam2, where
there is a significant reduction in Pax3,
Pax7, and Pax6 expression (Figures 2V–
2Z and 2CC–2EE). That overexpression
of dnTcf3 phenocopies the loss of
Daam2 expression raises the possibility
that Daam2 may be required for canon-
ical Wnt signaling during spinal cord
development.
To determine whether knockdown of
Daam2 directly affects canonical Wntsignaling, we coelectroporated the Daam2-shRNAi along with
a TOPGAL reporter, where the LacZ has been replaced with
a nuclear RFP reporter (TOP-nRFP), into the chick spinal cord
(DasGupta and Fuchs, 1999; Lassiter et al., 2007). Consistent
with previous reports, our TOP-nRFP reporter was only active
in dorsal regions of the spinal cord, indicating that these regions
are sites of highest-level Wnt signaling (Figures 3A–3C). As
demonstrated in Figures 3D–3F and 3Q, knockdown of Daam2
resulted in an 80% reduction in TOP-nRFP activity in these
regions, whereas the mutant Daam2-shRNAi did not affect
reporter activity (Figures 3H–3J and 3Q). Furthermore, the
effects of the Daam2-shRNAi on the reporter are rescued by
mDaam2 (Figures 3L–3N and 3Q), indicating that the loss of
Wnt activity is the result of Daam2 knockdown. Importantly,
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal Cordthis loss ofWnt activity is not secondary to a loss of keymembers
of theWnt pathway because the expression ofWnt3a, b-catenin,
and Tcf4 is not affected by the loss of Daam2 (Figure S3). More-
over, analysis of BMP ligands (BMP4) and key transcriptional
targets of the BMP pathway in the dorsal spinal cord (Lmx)
revealed that they are not affected by the loss of Daam2 (Figures
3G and 3K; Figure S3) (Chizhikov and Millen, 2004). Taken
together, these data indicate that Daam2 is required for canon-
ical Wnt signaling.
b-Catenin Rescues Loss of Dorsal Markers
in Absence of Daam2
The foregoing results correlate the loss of dorsal markers in the
absence of Daam2 with a loss of Wnt activity. These observa-
tions raise the question of whether the loss of Wnt signaling in
the absence of Daam2 is directly responsible for the loss of
dorsal progenitor markers. To investigate this possibility, we
sought to rescue the Daam2-shRNAi with a constitutively acti-
vated form of b-catenin (CA-bcat) (Tetsu and McCormick,
1999). To this end, we coelectroporated the combination of
Daam2-shRNAi, Flag/CA-bcat, and the TOP-nRFP reporter into
the chick spinal cord, and assessed the expression of Pax3,
Pax7, Pax6, and the TOP-nRFP reporter. Here we found that
ectopic expression of CA-bcat is sufficient to restore expression
of Pax3, Pax7, and Pax6 in the absence of Daam2 (Figures 4F–4I,
4P, and 4Q). Importantly, rescue of dorsal progenitor markers by
CA-bcat is correlated with the restoration of canonical Wnt
signaling in the dorsal regions of the spinal cord (Figures 4J
and 4R), indicating that rescue of dorsal markers is the result
of restored canonical Wnt signaling. These data demonstrate
that the loss of canonical Wnt signaling is responsible for the
loss of dorsal markers in the absence of Daam2.
Our observation that CA-bcat is sufficient to rescue the pheno-
types manifest in the absence of Daam2 indicates that Daam2
functions upstream of b-catenin in the canonical Wnt pathway.
We next sought to determine where in the Wnt pathway
Daam2 is acting. Given the complexities of Wnt signaling, we
sought to address this question by determining whether overex-
pression of Wnt ligands can rescue the loss of Daam2. It has
been previously established that combined overexpression of
Wnt1 and Wnt3a results in ventral expansion of Wnt activity in
the chick spinal cord (Alvarez-Medina et al., 2008).We confirmed
these observations (Figures 5G and 5O) and used this paradigm
to model Wnt ligand activation of canonical Wnt signaling in
the spinal cord. To determine whether Wnt ligand activation is
sufficient to rescue the loss of Wnt signaling in the absence
of Daam2, we coelectroporated Wnt1/3a, Daam2-shRNAi, and
the TOP-nRFP reporter into the chick spinal cord. Strikingly, acti-
vation of Wnt signaling via Wnt1/3a is not sufficient to restore
dorsal progenitor markers or Wnt activity in the absence of
Daam2 (Figures 4K–4O). Collectively, these data establish a
role for Daam2 in the canonical Wnt pathway, downstream of
Wnt ligands and upstream of b-catenin, and implicate it as a
critical mediator of Wnt signaling in the embryonic spinal cord.
Daam2 Potentiates Canonical Wnt Signaling
Next, we sought to determine whether overexpression of
Daam2 is sufficient to initiate Wnt signaling. In these studies
we electroporated myc-tagged mouse Daam2 and the TOP-DevelopmnRFP reporter into the chick spinal cord, harvested embryos
at E4, and assessed the expression of progenitor markers
and reporter activity. Titration of TOP-nRFP reporter sensitivity
in vivo was used to determine the optimal amount of reporter
to include in our electroporation experiments (Figure S4HH;
see Experimental Procedures). These studies revealed that
overexpression of Daam2 did not affect the expression of
dorsal markers or TOP-nRFP reporter activity, indicating that it
is not sufficient to initiate Wnt signaling (Figures 5J and 5R;
Figures S4L and S4V).
Our epistasis tests placed Daam2 function downstream of
Wnt1 and Wnt3a (Figures 4K–4O); therefore, we next examined
whether Daam2 can potentiate Wnt signaling in the presence
of these canonical Wnt ligands. Here, we coelectroporated
myc-Daam2, TOP-nRFP reporter, and HA-tagged versions of
Wnt1, Wnt3a, or a combination of Wnt1 and Wnt3a (Wnt1/3a).
Enhanced Wnt signaling was assessed by quantifying the
number of TOP-nRFP-expressing cells in medial and ventral
domains that normally do not demonstrate reporter activity at
E4 (Pax6, Nkx2.2; see Figures 3A–3C). This form of analysis
was possible because normal patterning is not disrupted in these
experiments (Figure S4). Coexpression of Daam2 with Wnt1 re-
sulted in the ventral expansion of reporter activity, compared
to the Daam2-only or the Wnt1-only controls (Figures 5Q–5T
and 5GG; Figure S4). Additionally, coexpression of Daam2 with
Wnt3a or Wnt1/3a resulted in enhanced reporter activity in the
ventralmost domain, Nkx2.2, compared to Wnt3a or Wnt1/3a
alone (Figures 5U–5X and 5GG; Figure S4). We supplemented
these in situ studies with single-cell analysis of dissociated
spinal cord in a subset of these experiments and found that
combined Daam2 and Wnt1 expression resulted in an 80%
increase in the number of TOP-nRFP-expressing cells and a 4-
and 3-fold increase in the number of Nkx2.2- and Pax6-TOP-
nRFP-expressing cells, respectively (Figures 5HH–5II; FigureS4).
Further analysis of known targets of the canonical Wnt pathway,
cyclin D, revealed that their expression is similarly increased
in the presence of combined Daam2 and Wnt1 and/or Wnt3a
(Figures 5Y–5FF; Figure S4) (Megason and McMahon, 2002;
Alvarez-Medina et al., 2008). Finally, we coelectroporated
Daam2 and the TOP-nRFP reporter with Wnt4, which primarily
activates noncanonical pathways, and did not observe an
obvious effect on TOP-nRFP activity, indicating that Daam2
cannot nonspecifically activate canonical Wnt signaling in
response to inappropriate Wnts (Figure 5GG; Figure S4) (Lyuk-
syutova et al., 2003; Chang et al., 2007). This suggests that
Daam2 is likely to act downstream of Wnt receptor complexes,
and may contribute to the maintenance or amplification, but
not initiation, of Wnt activity.
Daam2 Physically Associates with Dvl3
via the DIX Domain
Our gene manipulation studies indicate that Daam2 plays a
critical role in canonical Wnt signaling, yet do not address its
molecular relationships with proteins associated with Wnt signal
transduction. Previously, it was shown that Daam1 directly inter-
acts with Dvl during Xenopus gastrulation, and given the key role
of Dvl in canonical Wnt signaling, we reasoned that the effects
of Daam2 manipulation are due in part to a direct relationship
with Dvl (Habas et al., 2001). Previous studies revealed thatental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc. 187
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Figure 4. b-Catenin Rescues Loss of Dorsal Markers in the Absence of Daam2
(A–E) Knockdown of Daam2 results in loss of dorsal markers and Wnt activity; shown to facilitate comparison (C–E, arrow).
(F–J) Ectopic expression of CA-bcat (F) in the absence of Daam2 (G) restores expression of dorsal markers and Wnt activity (H–J, arrows).
(K–O) Ectopic expression of Wnt1/3a (K) does not restore dorsal marker expression or Wnt activity (M–O, arrows) in the absence of Daam2 (L).
(P–R) Corresponding quantification of the phenotypes demonstrated in the images. Quantification in (P) and (Q) was performed by comparing the number of
DAPI+ cells expressing a givenmarker between the control side (Con) and the electroporated side (Ep) of the neural tube. (R) Fluorescent intensity values for nRFP
and the GFP standardization were acquired, and the normalized TOP-nRFP value, relative to GFP, is presented. Quantification for each manipulation is derived
from at least six different embryos, ten sections per embryo. Images are from an adjacent series of sections. Error bars indicate SEM.
D2i, Daam2-shRNAi; Ep, electroporated side of neural tube; Con, control side.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal CordDvl3 is expressed in dorsal regions of the developing chick spinal
cord during early embryogenesis; therefore, we next determined
whether Daam2 can physically associate with Dvl3 (Gray et al.,
2009). To this end, we cotransfected HEK293 cells with tagged
versions of Dvl3 and Daam2. Extracts from these cells were
immunoprecipitated (IP) with antibodies to the Dvl3 tag and im-
munoblotted with antibodies to the Daam2 tag, and vice versa.
The results of these IP-westerns indicate that Daam2 and Dvl3
physically associate (Figure 6A, lane2, and Figure 6C, lane10).
Given that the DIX domain of Dvl is necessary for canonical
Wnt signaling, we next examined whether Daam2 is capable of188 Developmental Cell 22, 183–196, January 17, 2012 ª2012 Elseviassociating with the DIX domain of Dvl3 (Kishida et al., 1999;
Schwarz-Romond et al., 2007b; Zeng et al., 2008). We per-
formed cotransfection of HEK293 cells with tagged versions of
the DIX domain and Daam2, performed IP-westerns with the
appropriate antibodies, and found that Daam2 is capable of
associatingwith the DIX domain of Dvl (Figure 6A, lane3, and Fig-
ure 6B). One consideration when interpreting these results is that
the polymerization activity of the DIX domain can result in
spurious precipitations. Therefore, to confirm the association
between DIX and Daam2, we tested the ability of Daam2 to
immunoprecipitate with polymerization-defective DIX mutantser Inc.
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Figure 5. Daam2 Potentiates Ligand-Mediated, Canonical Wnt Activity
(A–H) Ectopic expression of transgenes: (A and B) empty vector and Daam2; (C and D)Wnt1 andWnt1/Daam2; (E and F)Wnt3a andWnt3a/Daam2; and (G and H)
Wnt1/3a and Wnta1/3a-Daam2.
(I–P) TOP-nRFP activity, ventral expansion of Wnt activity in presence of Daam2 is denoted by an arrow in (L), (N), and (P).
(Q–X) Coexpression of ventral marker Nkx2.2 and TOP-nRFP; arrows denote ventral expansion of Wnt activity.
(Y–FF) In situ hybridization analysis of cyclin D1 expression; arrows denote ventral expansion and increased cyclin D1 expression.
(GG) Quantification of the number of cells coexpressing Nkx2.2 and the TOP-nRFP reporter.
(HH–II) Single-cell quantification from dissociated spinal cord of the relative number of cells expressing TOP-nRFP (HH) and TOP-nRFP/Nkx2.2 (II).
See Figure S4 for Pax6/TOP-nRFP images and quantification. Quantification for each manipulation is derived from at least six different embryos, ten sections
per embryo. Images are from an adjacent series of sections.
Ep, electroporated side of neural tube; Con, control side. Error bars indicate SEM.
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Daam2 Controls Wnt Signaling in the Spinal Cord(Figure 6B) (Wong et al., 2003; Schwarz-Romond et al., 2007b).
We generated and tested three polymerization-defective DIX
point mutants for association with Daam2 using the methods
described above and found that all three of these DIX mutants
are capable of associating with Daam2 (Figure 6A, lanes 6–8).
Next, we sought to identify the Daam2 domain that associates
with Dvl-DIX. To this end, we generated a series of Daam2
mutants (Figure 6D) and tested their ability to immunoprecipitate
with Dvl3. These studies revealed that the GBD domain of
Daam2 is required for its association with Dvl3 (Figure 6C, lanes
12–14) and that the GBD domain alone is capable of associating
with Dvl3 (Figure 6C, lane 11). Next, we tested the ability of
Daam2-DGBD to associate with DIX-polymerization mutantsDevelopmand found that it is not capable of associating with Dvl-DIX
domain (Figure 6C, lane 18; Figure S5). Consistent with these
results, the Daam2-DFH2 and Daam2-DFH3 mutants, which
contain the GBD domain, and the Daam2-GBD domain alone
are capable of binding the DIX domain (Figure 6C, lanes 17,
19, and 20; Figure S5). In sum, these biochemical studies estab-
lish that Daam2 can interact with Dvl3 through an association
between the Dvl-DIX and the Daam2-GBD domains.
Role of Daam2 in Wnt Signaling Is Dependent upon DIX
Domain of Dvl3
Having established a biochemical link between Daam2 and
Dvl3, we next investigated their functional relationship in theental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc. 189
A C
B D
Figure 6. Daam2-GBD Domain Associates with Dvl-DIX Domain
(A) Immunoblot (IB) of IP extracts from 293 cells expressing Flag-Daam2 and various Myc-Dvl3 mutants.
(B) Diagram depicting various Dvl mutants used in coIP studies. coIP of Daam2/Dvl and Daam2/DIX is demonstrated in (A) lanes 2 and 3. Daam2 coIP with DIX
polymerization mutants is demonstrated in (A) lanes 6–8. Control (A, lane 1) is a transfection with Flag-Daam2 and IP with aMyc.
(C) Immunoblot (IB) of IP extracts from 293 cells expressing Myc-Dvl or Myc-M1-DIX and various Flag-Daam2 mutants.
(D) Diagram depicting various Daam2mutants used in coIP studies. Daam2-GBD association with Dvl is demonstrated by coIP in (C) lane 11, and requirement for
Daam2-GBD for coIP with Dvl is demonstrated in (C) lane 12. Control (C, lanes 9 and 15) is transfection with Myc-Dvl or Myc-DIX and IP with aFlag.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal Cordembryonic chick spinal cord. In other systems excess levels of
Dvl can induce canonical Wnt activity; therefore, we reasoned
that Daam2 functions to potentiate Dvl activation of Wnt activity
(Liu et al., 2001; Rothba¨cher et al., 2000; Wehrli et al., 2000). In
these studies we coelectroporated Dvl3, Daam2, and the TOP-
nRFP reporter and used Wnt activity in ventral and medial
domains (Nkx2.2 and Pax6) as our index of Wnt induction. We
found that expression ofDaam2 increasesDvl3-mediated ventral
expansion of Wnt activity (Figures 7G–7I, 7M–7O, and 7S; Fig-
ure S6C). Given the importance of the Dvl-DIX domain in canon-
ical Wnt signaling and that our biochemical studies indicate
that Daam2 associates with the DIX domain via its GBD domain,
we next tested whether Daam2 potentiation of Dvl-mediated
Wnt induction is dependent upon these associations. First, we
coelectroporated a Dvl3 mutant that lacks the DIX domain
(Dvl3-DDIX), Daam2, and TOP-nRFP reporter and found that
Daam2 is not capable of inducing ventral Wnt activity in the
presence of the Dvl3-DDIX (Figures 7J, 7P, and 7S). Next, we
performed the converse experiment by electroporating Dvl3,
Daam2-DGBD, and the TOP-nRFP and found that Daam2-
DGBD is not able to induce ventral Wnt-induction activity (Fig-
ures 7L and 7R versus Figures 7I and 7O; Figure 7S; Figure S6).190 Developmental Cell 22, 183–196, January 17, 2012 ª2012 ElseviBecause Dvl3 can induce Wnt activity on its own and has a
direct association with Daam2, we next assessed whether it
can rescue the Daam2-shRNAi phenotype. Here we coelectro-
porated the Daam2-shRNAi, TOP-nRFP reporter, and either
Dvl3 or Dvl3-DDIX and assessed expression of dorsal progenitor
markers and Wnt activity. These studies revealed that Dvl3 can
rescue the Daam2-shRNAi phenotype (Figures 7V, 7W, 7JJ,
and 7KK; Figure S6) and does so via the DIX domain because
the Dvl3-DDIX did not restore dorsal marker expression or Wnt
activity (Figures 7Z, 7AA, 7JJ, and 7KK; Figure S6). These
studies suggest that Daam2 function is linked to the DIX domain;
therefore, we next examined whether Daam2-DGBD, which
does not bind DIX (Figure 6C), is capable of restoring canonical
Wnt signaling in the absence of Daam2. Electroporation of
Daam2-shRNAi with Daam2-DGBD and the TOP-nRFP reporter
did not rescue dorsal marker expression or Wnt activity (Figures
7HH, 7II, 7JJ, and 7KK; Figure S6). Taken together, our structure/
function analysis demonstrates that the role of Daam2 in canon-
ical Wnt signaling is linked to the biochemical association
between its GBD domain and Dvl-DIX.
The ability of Dvl to enhance Wnt signaling is dependent upon
the polymerization activity of its DIX domain; therefore, we nexter Inc.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal Cordtested whether Daam2 function is linked to Dvl polymerization.
To examine this relationship, we generated a mutant version of
Dvl3 (M1-Dvl3) that lacks polymerization activity and found that
Daam2 is not capable of potentiating Wnt signaling in the
presence of M1-Dvl3 (Figures 7K, 7Q, and 7S). Moreover, the
converse experiments that examine the ability of M1-Dvl3 to
restore Wnt activity in the absence of Daam2 revealed that it is
not able to rescue dorsal markers or Wnt signaling in the
absence of Daam2 (Figures 7DD, 7EE, 7JJ, and 7KK; Figure S6).
These data indicate that Daam2 function in canonical Wnt
signaling requires the polymerization activity of Dvl3 and further
support our findings that link Daam2 function to the Dvl-DIX
domain.
Daam2 Stabilizes Dvl3/Axin2 Binding
The ability of Dvl proteins to promote canonical Wnt signaling is
dependent upon their interaction with Axin2, which is mediated
via the DIX domain (Kishida et al., 1999; Zeng et al., 2008).
Several reports indicate that clustering of Dvl/Axin complexes,
via the polymerization of Dvl-DIX, into signalosomes promotes
Wnt signaling and have postulated that this mechanism can
compensate for the low-binding affinity between Axin and Dvl.
(Bilic et al., 2007; MacDonald et al., 2009; Schwarz-Romond
et al., 2007a, 2007b). Our studies indicate that excess Dvl3 can
rescue Daam2-shRNAi phenotypes in a DIX domain-dependent
manner, suggesting that aggregation of Dvl3 can mimic the role
of Daam2 in canonical Wnt signaling. Given these observations
we reasoned that under normal physiological conditions, without
excess Dvl3, Daam2 facilitates canonical Wnt signaling by
stabilizing Dvl/Axin binding. To test this hypothesis, we first
examined whether Daam2 can associate with Axin2 and other
components of the signalosome complex. These studies re-
vealed that Daam2 is capable of associating with Axin2 and
Fzd1, but not LRP6 (Figure S5).
Next, we tested whether Daam2 can stabilize Dvl3 and Axin2
binding by measuring the extent of Dvl3/Axin2 coimmunopreci-
pitation (coIP) with and without Daam2. In these studies we
cotransfected HEK293 cells with Dvl3/Axin2 or with Daam2/
Dvl3/Axin2, performed IP with the tags to Axin2 (a-myc), and
performed immunoblotting with the tag to Dvl3 (a-Flag). As
indicated in Figures 8A and 8B, the amount of Dvl3 that
coimmunoprecipitates with Axin2 is increased in the presence
of Daam2 (Figure 8A, lane 2 versus lane 3), indicating that
Daam2 enhances Dvl3/Axin2 binding, supporting our hypothesis
that Daam2 stabilizes the Dvl/Axin interaction. Moreover,
consistent with our functional studies, stabilization by Daam2
requires the polymerization activity of Dvl because Daam2
does not enhance M1-Dvl3/Axin interaction (Figure 8A, lane 3
versus lane 4). As a first step in examining this phenomenon
in vivo, we took advantage of previous observations demon-
strating that Dvl and Axin2 form intracellular protein assemblies
when overexpressed in COS-7 cells (Schwarz-Romond et al.,
2007a). These assemblies have been correlated with stabilized
Dvl/Axin complexes (Bilic et al., 2007; Schwarz-Romond et al.,
2007a). In these studies we expressed Dvl3 and Axin2 with
and without Daam2 in COS-7 cells and assessed the extent of
protein assembly by examining the formation of intracellular
punctate structures containing ectopic Dvl3 or Axin2 protein.
Consistent with previous studies, our analysis revealed thatDevelopmexpression of Dvl3/Axin2 resulted in the formation of discrete
punctate structures, as did Daam2 (Figures 8C–8G and 8N).
However, combined expression of Daam2/Dvl3/Axin2 resulted
in the formation of large, aggregated intracellular structures
that reflect enhanced clustering of punctate protein assemblies
(Figures 8H–8J, arrows, and Figure 8N). Consistent with our
other studies, combined expression with M1-Dvl3 did not result
in aggregation (Figures 8K–8N). Collectively, these data demon-
strate that Daam2 promotes intracellular Dvl3/Axin2 protein
assembly and coupled with our IP studies, indicate that
Daam2 enhances Dvl3/Axin2 interaction.
DISCUSSION
Here we found that Daam2 plays a key role in dorsal pattern
formation and established that this role in patterning is directly
linked to its requirement for canonical Wnt signaling. Subse-
quent analysis revealed that Daam2 functions to amplify Wnt
signaling by potentiating Wnt ligand-induced activity. These
findings implicate Daam2 as a key intracellular modulator of
Wnt signal transduction during embryonic spinal cord develop-
ment. Structure/function studies revealed that Daam2 binds
the DIX domain of Dvl3 via its GBD domain and that its role in
Wnt signaling is mediated by this relationship. Biochemical
examination into the nature of these interactions found that
Daam2 increases Dvl3/Axin2 binding and intracellular clustering,
supporting amodel whereby it promotes canonicalWnt signaling
through stabilization of Dvl/Axin complexes (Figure 8P).
Daam2 Plays a Key Role in Spinal Cord Development
Our gene manipulation studies in the embryonic chick spinal
cord indicate that Daam2 expression is necessary for dorsal
identities. Subsequent analysis revealed that the loss of dorsal
markers is directly linked to canonical Wnt signaling because
Wnt activity is drastically reduced in the absence of Daam2.
Moreover, we found that CA-bcat rescues dorsal identities and
loss of Wnt activity in the absence of Daam2, indicating that
the requirement of Daam2 for dorsal identities is mediated via
canonical Wnt signaling. Collectively, these data implicate
Daam2 as a critical factor in specification of dorsal populations
and canonical Wnt signaling in the developing spinal cord.
Overexpression studies indicate that Daam2 alone is not suffi-
cient to activate Wnt activity or expand dorsal identities into
ventral regions; however, when combined with Wnt1 or Wnt3a,
it results in increased Wnt activation. This observation indicates
that Daam2 is not capable of initiating Wnt signaling on its own
but, rather, potentiates the existing signal, suggesting that it
plays a role in the maintenance or amplification of signal trans-
duction. This notion is supported by our epistasis analysis,
where Daam2-knockdown phenotypes are not rescued by Wnt
ligands but are rescued by CA-bcat, placing Daam2 function
downstream of the ligand/receptor complex and upstream of
the transcriptional component of the canonical Wnt pathway.
Our studies on Daam2 indicate that it functions as a key
accessory protein that modulates the activity of the core,
conserved components of the Wnt receptor complex and its
associated signal transduction processes. Recently, studies in
Xenopus and during mouse gastrulation have identified caprin2
and MACF1, respectively, as accessory proteins that similarlyental Cell 22, 183–196, January 17, 2012 ª2012 Elsevier Inc. 191
Daam2 Dvl3 Daam2/Dvl3 D2/Dvl3-ΔDIX
Tr
an
sg
en
e
To
p-
nR
FP
N
kx
2.
2/
To
p
A B C D
G H I J
M N O P
Con                  Ep Con                  Ep Con                  Ep Con                  Ep
D2/M1-Dvl3 ΔGBD/Dvl3
Con                  Ep Con                  Ep
Flag Daam2 Pax7 Top-nRFP
T U V W
X Y Z AA
D
2i
+D
vl
3
D
2i
+D
vl
3-
ΔD
IX
D
2i
+Δ
G
BD
-D
2
D
2i
+M
1-
D
vl
3
R
el
at
iv
e 
 #
 o
f P
ax
7 
ex
pr
es
si
ng
 c
el
ls
Daam2
RNAi
D2i
+Dvl3
D2i
+ΔDIX
0
0.5
1
D2i
+M1-Dvl
D2i
+ΔGBD
R
el
at
iv
e 
 in
te
ns
ity
 o
f T
op
-n
R
FP
0
0.5
1
1.5
Daam2
RNAi
D2i
+Dvl3
D2i
+ΔDIX
D2i
+M1-Dvl
D2i
+ΔGBD
E F
K L
Q R
BB CC DD EE
FF GG HH II
JJ
KK
Con                  Ep Con                  Ep Con                  Ep Con                  Ep N
um
be
r o
f T
op
+/
N
kx
2.
2+
 c
el
ls
Top
+/
Nkx2.2
+
Daam2 Dvl3 D2
+Dvl3
D2
+ΔDIX
D2
+M1-Dvl3
ΔGBD
+Dvl3
0
5
10
15
20
25
30 S
EpCon
Daam2
mut
Figure 7. Daam2 Function Is Reliant upon Its Association with Dvl3
(A–R) Daam2 potentiates Dvl activation of Wnt activity via its GBD and DIX domains.
(A–F) Ectopic expression of transgenes.
(G–L) TOP-nRFP activity, ventral expansion of Wnt activity is denoted by arrows.
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Daam2 Controls Wnt Signaling in the Spinal Cordmodulate the activity of Wnt signaling by directly influencing the
dynamics and constituency of the signalosome complex (Chen
et al., 2006; Ding et al., 2008). It will be important to determine
whether these proteins play tissue- or species-specific roles in
Wnt signaling or if a functional relationship exists between
Daam2, Macf1, and caprin2. Globally, these findings suggest
that for Wnt signaling there are tissue- or species-specific modi-
fiers that profoundly influence the core signal transduction
mechanism, implying the presence of another layer of regulatory
complexity that can ultimately alter signal interpretation and
cellular output.
Daam2 and Wnts: New Insight into the Role of Wnt
Signaling during Pattern Formation
In the course of analyzing our Daam2-knockdown phenotype,
we noticed that although dorsal markers are lost, these regions
do not become ‘‘ventralized’’ and concomitantly express ventral
markers. One possible explanation is that while there is a clear
reduction in canonical Wnt activity in the absence of Daam2,
there could be residual Wnt activity that is below the threshold
detectable by the TOP-nRFP reporter and not sufficient to main-
tain dorsal identities but is still capable of repressing ventral
identities. Wnt regulation of Gli3 has been linked to repression
of ventral identities in the dorsal spinal cord (Alvarez-Medina
et al., 2008). Analysis of Gli3 expression in the absence of
Daam2 revealed that although its expression is significantly
reduced (Figure S3), it is still present in dorsal regions and is likely
responsible for repression of ventral identities. Moreover, that
the expression of Wnt ligands and the transcriptional effectors
of the Wnt pathway are not affected by a loss of Daam2 also
supports the possibility that low levels of Wnt activity are likely
present (FigureS3). Collectively, thesedata suggest a concentra-
tion-dependent uncoupling of ventral repression and dorsal
induction by Wnt signaling, where low levels of Wnt signaling
are sufficient to repress ventral identities, whereas high levels
of Wnt activity are necessary to maintain dorsal identities (Fig-
ure 8O). An analogous relationship for Shh has been established
in the ventral spinal cord, where very low levels of Shh are suffi-
cient to repress dorsal identities, and higher levels of Shh are
necessary for induction of ventral identities (Briscoe et al.,
2000; Ericson et al., 1997).
Canonical Wnt signaling has been linked to progenitor cell
proliferation and, more recently, pattern formation in the devel-
oping spinal cord, though its precise role in patterning remains
unclear (Alvarez-Medina et al., 2008; Dickinson et al., 1994;Meg-
ason and McMahon, 2002; Muroyama et al., 2002). Studies that
have targeted transcriptional effectors using dominant-negative
approaches resulted in repression of dorsal identities coupled
with ventralized phenotypes (Alvarez-Medina et al., 2008).
Although these studies have provided important insight into(M–R) Coexpression of ventral marker Nkx2.2 and TOP-nRFP.
(S) Quantification of the number of cells coexpressing Nkx2.2 and the TOP-nRFP
(T–AA) Expression of Dvl3 rescues dorsal markers and Wnt activity in the absenc
(BB–II) M1-Dvl3 and Daam2-DGBD do not rescue dorsal markers and Wnt activ
condition was normalized to the GFP control and compared across samples.
(JJ–KK) Quantification of the phenotypes described in (T)–(II). Corresponding qua
was performed by comparing the number of DAPI+ cells expressing a given mar
D2i, Daam2-shRNAi; Ep, electroporated side of neural tube; Con, control side. E
Developmthe role of Wnt signaling in pattern formation, potential ectopic
effects of dominant-negative transcription factors confound
them. In contrast, deletion of both Wnt1 and Wnt3a ligands re-
sulted in a specific loss of dorsal neuron populations without
expansion of ventral neuron populations or general effects on
patterning (Ikeya et al., 1997; Muroyama et al., 2002). Whereas
our studies, which modulate the expression of a protein involved
in the transduction of Wnt signaling, resulted in a partial recapit-
ulation of the dominant-negative phenotypes (i.e., loss of dorsal
identities). The differences in phenotypes witnessed by these
contrasting approaches illustrate the importance of using finely
tuned methods to dissect the various roles of Wnt signaling in
CNS development because our studies on Daam2 suggest,
like other morphogens, that dorsal and ventral populations
have a graded response to Wnt signals. Given the link between
morphogen concentration, patterning, and cell fate, it will be
important to rigorously dissect how different concentrations of
canonical Wnt ligands or manipulation of the core signal trans-
duction mechanisms influences spinal cord patterning and
proliferation.
Daam2StabilizesWntReceptor SignalosomeStructures
Assembly of signalosome structures involves clustering of Dvl/
receptor complexes, which subsequently results in recruitment
of Axin, phosphorylation of LRP, and activation of Wnt signaling
(Figure 8P) (Bilic et al., 2007; MacDonald et al., 2009). The DIX
domain of Dvl and Axin plays a central role in the assembly of
signalosome complexes because it is necessary for Dvl poly-
merization that results in clustering and mediates the interaction
between Dvl and Axin that drives Wnt signal transduction and
signalosome formation (Bilic et al., 2007; Schwarz-Romond
et al., 2007a, 2007b; Zeng et al., 2008). Our findings with
Daam2 point to a model where its interactions with Dvl3 and
Axin2 serve to sustain signalosome integrity and concomitant
Wnt activity. Another possibility to consider is that Daam2 also
contributes to Dvl/receptor clustering, prior to Axin recruitment
to the signalosome structure. Our observations that Dvl3
rescues Wnt signaling in the absence of Daam2 and Daam2
can promote intracellular Dvl3 protein assembly (Figures 8G
and 8N) support such a role. However, our in vivo studies
demonstrating that Daam2 function requires the polymerization
activity of Dvl3 and that it is not sufficient to initiate Wnt activity
indicate that it likely functions through an existing signalosome
structure and, therefore, contributes to Wnt signaling through
stabilization or maintenance of the signalosome (Figure 8P).
Our structure/function analysis revealed that the Daam2-GBD
domain mediates Daam2 interaction with Dvl-DIX and function in
canonical Wnt signaling. The GBD domain functions to bind and
modulate the activity of small Rho-GTPases, which ultimately
influence the dynamics of the actin cytoskeleton. Together,reporter.
e of Daam2, whereas expression of Dvl3-DDIX mutant does not; see arrows.
ity in the absence of Daam2; see arrows. In (II), the TOP-nRFP value for each
ntification of the phenotypes demonstrated in the images. Quantification in (JJ)
ker between the control side and the electroporated side of the neural tube.
rror bars indicate SEM. Please also see Figure S6.
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Figure 8. Daam2 Enhances Dvl3/Axin2 Binding and Intracellular Assembly
(A) IP extracts from 293 cells expressing tagged versions of Daam2, Dvl3, M1-Dvl3, or Axin2. Enhanced Dvl3/Axin2 coIP in the presence is Daam2 is demon-
strated by comparing the aFlag-IB band in lanes 2 and 3.
(B) Quantification of band intensity in indicated lanes was performed using ImageJ. The normalized IB-Flag/IB-Myc values are represented in the graph.
(C–M) Expression of Daam2 (C), Dvl3 (D), Axin2/Daam2 (E), and Axin2/Dvl3 (F) results in intracellular punctate staining; Daam2/Dvl3 results in some aggregation
(G). (H–J, arrows) Coexpression of Daam2 with Dvl3 and Axin2 results in aggregation of protein assemblies. (K–M) Coexpression of Daam2 with M1-Dvl3/Axin2
does not produce aggregated protein assemblies or punctate staining. Dashed lines denote the cell membrane.
(N) Quantification of the relative number of cells per condition demonstrating intracellular punctate or aggregated phenotype. For each condition 100 cells were
counted, and the experiments were performed three times in duplicate. Error bars indicate SEM. Please also see Figure S6.
(O) Summary of Daam2 knockdown phenotypes in the dorsal embryonic spinal cord. Wnt activity is depicted by blue shading in VZ, whereas knockdown of
Daam2 results in a complete loss of TOP-nRFP activity. The lack of ventralized phenotypes in dorsal regions suggests that there is residual, low-level Wnt activity
present and is reflected by the light blue shading in the VZ (see Discussion).
(P) Depiction of the role of Daam2 in signalosome formation and its molecular interactions with key components of theWnt receptor complex. The dashed Daam2
image reflects a possible role in receptor clustering (see Discussion). Our studies indicate that the Daam2-GBD domain mediates its role inWnt receptor complex
formation, thus implicating Rho-GTPases and its associated biology in this process. This is reflected in the dashed lines and the speculative relationships with
PIP5K and Macf1. For clarity, b-catenin, GS3K, and other proteins have been omitted.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal Cordthese observations implicate Rho-GTPases and actin cytoskel-
eton in the maintenance of Wnt receptor complexes through
Daam2-GBD and Dvl3-DIX association. Recently, Macf1,
a gene associated with actin cytoskeleton remodeling, was
shown to participate in Wnt receptor complex formation, though
no direct association with Rho-GTPases was demonstrated
(Chen et al., 2006). Alternatively, whereas Rho-GTPases have
not previously been associated with Wnt receptor complex194 Developmental Cell 22, 183–196, January 17, 2012 ª2012 Elsevistability, they have been linked to the transport and membrane
localization of PI4K and PIP5K, which function together to
promote PIP2 production andWnt receptor clustering (MacDon-
ald et al., 2009; Schlessinger et al., 2009). Interestingly, PIP5K
can associate with Dvl; therefore, it is possible that Daam2
functions to facilitate this interaction via Rho-GTPases and
thus contributes to signalosome maintenance through recruit-
ment of PIP5K to Dvl (Wei et al., 2002; Weernink et al., 2004;er Inc.
Developmental Cell
Daam2 Controls Wnt Signaling in the Spinal CordYang et al., 2004; Schlessinger et al., 2009). It will be important
to discern whether Daam2 functions through Rho-GTPases
and the actin cytoskeleton or indirectly via recruitment of
PIP5K to influence the stability Wnt receptor complexes and sig-
nalosomes (Figure 8P).
Functional Diversity within the Daam Family
Previous studies have demonstrated that Daam1 functions
specifically in noncanonical Wnt signaling and does not con-
tribute to canonical Wnt signaling (Habas et al., 2001). That
Daam1 and Daam2 share 60% identity and conserved func-
tional domains suggests that they may have similar functions
(Kida et al., 2004). Unexpectedly, we found that during spinal
cord development, Daam2 plays a role in canonical Wnt sig-
naling and does so through a direct interaction with the DIX
domain of Dvl (Dvl-DIX), a key domain in canonical Wnt signal
transduction. This is in contrast to Daam1, which does not
interact with Dvl-DIX, suggesting that the molecular basis for
this functional difference between Daam1 and Daam2 is the
ability to bind the Dvl-DIX domain.
Our studies on Daam2 were performed in the embryonic chick
spinal cord, in contrast to previous studies on Daam1, which was
functionally analyzed during Xenopus gastrulation. Given these
tissue and species differences, we cannot formally rule out the
possibility that Daam1may contribute to canonical Wnt signaling
in the embryonic spinal cord. However, this possibility is unlikely
because Daam1 and Daam2 have nonoverlapping expression
patterns in the embryonic spinal cord, which suggests that
they have distinct roles, and there is no evidence of canonical
Wnt activity in the mantle regions of spinal cord that express
Daam1. Finally, our studies do not address the role of Daam2
in noncanonical Wnt signaling. However, our Daam2 overex-
pression studies did not enhance the migration of neuronal
progenitor populations (data not shown), suggesting that it
does not affect the PCP and migration pathways linked to non-
canonical Wnt signaling, though a more comprehensive study
is necessary to fully examine this potential relationship.
EXPERIMENTAL PROCEDURES
In Ovo Electroporation
Daam2 shRNAi and cDNA constructs were cloned into avian retrovirus
RCAS(B) vector, pCS2+, pCIG, or pcDNA expression vectors. The constructs
were electroporated unilaterally into the neural tube of stage 11 to stage 13
chick embryos as described (Deneen. et al., 2006). Embryos were collected
48 hr later.
In Vivo Top-nRFP Reporter Assay
To characterize the reporter sensitivity, chick embryos were electroporated
as indicated (Figure S4) with different concentrations of reporter construct
together with a GFP normalization control. Embryos were harvested after
48 hr incubation in ovo, and a GFP-positive electroporated side was dissected
and dissociated as a single-cell level. The number of Top-nRFP reporters and
GFP-positive cells was counted from ten different randomly selected areas
(103 magnifications) of each embryo. DAPI-positive cells from the same
regions were counted as controls. We generated titration curve to decipher
the appropriate amount of reporter concentration for assay. All reporter assays
were performed using at 0.5 mg/ml of Top-nRFP concentration. For the single-
cell analysis, the Pax6 or Nkx2.2-positive-dissociated cells were detected by
immunofluorescent staining. The quantification of the relative number of the
Pax6 or Nkx2.2 and Top-nRFP double-positive cell was performed by count-
ing the relative number of DAPI-positive cells, and quantitative counting wasDevelopmmeasured by ImageJ software. The analysis of the intensity of the reporter
fluorescent in chick sections was measured using the same setting (detector
gain, amplifier offset/gain) under a constant power in every set of the experi-
ments by AxioVision Rel 4.8 software. Images were obtained using a Zeiss
imager M2 microscope with ApoTome (Carl Zeiss).
In Situ Hybridization and Immunohistochemistry
Detection of mRNA and protein was performed on frozen chick embryos as
described. Chick spinal cord was fixed in 4% paraformaldehyde, then cryo-
protected with 20% sucrose for overnight. The following probes were used
for in situ hybridization: cDaam2, cWnt3a, cb-catenin, cTcf4, cGli3, and BMP4.
For the immunohistochemical analysis, the following antibodies were used:
mouse anti-Pax7, anti-Pax3, anti-Pax6, anti-Nkx6.1, anti-Nkx2.2, anti-Isl1,
anti-Lim1/2, anti-MNR2, anti-Lmx, and rabbit anti-Daam2 (ABGENT); rabbit
anti-active caspase3 (Chemicon); rabbit anti-Olig2 (gift of Dr. Ben Novitch);
goat anti-Sox2 (Santa Cruz Biotechnology); mouse anti-Flag, rat anti-HA,
and rabbit anti-VSVG (Sigma-Aldrich); and rabbit anti-myc (Santa Cruz
Biotechnology). Monoclonal mouse antibodies were obtained from the
Developmental Studies Hybridoma Bank maintained at the University of Iowa.
Cell Culture, Immunoprecipitation, and Western Blotting
Human embryonic kidney cells (HEK293) and COS-7 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. The cells were transfected with the expression constructs by
calcium phosphate methods. The transfected cells were harvested after
2 days in a lysis buffer containing 100 mM NaCl, 25 mM HEPES (pH 7.5),
5 mM Triton X-100, and 2 mM KCl. The cell lysate was incubated overnight
with agarose bead-conjugated antibodies to myc, Flag, and VSVG. The
samples were subjected to SDS-PAGE and transferred onto a nitrocellulose
membrane (Hybond-ECL, Amersham), and incubated with either anti-myc or
Flag antibodies. The enhanced chemiluminescence reaction (Santa Cruz
Biotechnology) was used to visualize the reaction.
Measurements and Statistical Analyses
All chick experiments analyzed were from eight sections per at least five to
ten embryos each. The results described immunoprecipitation and immuno-
staining were replicated in three independent experiments. All quantitative
data are expressed as the mean ± standard error of mean (SEM).
See Supplemental Experimental Procedures for construct and cloning
details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at doi:10.1016/j.devcel.
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